Diffusing wave spectroscopy (DWS) in the backscattering geometry was employed to observe the evolution of the intensity correlation function during the acidification of skimmed milk by gluconic-δ-lactone (GDL). At the stage when the formation of casein particle gel is largely complete the correlation function at shorter decay times reveals the local structural arrest of the casein micelles, whereas at longer delay times it illustrates the hindered slow motion of casein micelle aggregates. We use the principles of the approach suggested by Mason, Gang and Weitz, linking the optically measured mean square displacement, <∆r 2 (t)>, of the microscopic particles in a dense colloid to its viscoelastic properties, to provide an estimate of the frequency dependent viscoelastic modulus of the acidified milk gel (AMG). We compare the viscoelastic moduli measured by the conventional mechanical rheometry with the optically measured ones. The results of the two different experimental methods are found to be in reasonable agreement.
INTRODUCTION
There is considerable interest from the industrial as well as the fundamental points of view in the possibilities of the quick, non-invasive and relatively cheap quantitative measures of the viscoelastic properties of a wide variety of dense colloidal systems. Such measurements can be provided by the light scattering techniques, which typically involve the detection of the intensity of the scattered light, its spatial (static light scattering) or temporal variation (dynamic light scattering). The microstructure and the dynamics of the particles in a sample of a colloid produces an optical signature in the pattern of light scattered from it. This is a physical basis for the recently reviewed quickly developing field of optical rheometry or rheo-optics [1] .
Diffusing wave spectroscopy (DWS) [2] , a multiple light scattering technique provides information on the dynamics of the particles in an optically thick sample. It yields the evolution in time of the mean squared displacement, <∆r 2 (t)>, of the scatterers, a quantity describing the local motions of the particles, which in some cases can be directly related to the viscoelastic properties of the medium [3, 4] . It has been demonstrated recently that optical techniques such as DWS can be used to probe the rheological properties of complex fluids. Mason, Gang and Weitz calculated the mean square displacement from the scattered field correlation function in the time domain, <∆r 2 (t)>, then via the numerical Laplace transform obtained <∆r 2 (s)> the mean square displacement in the frequency domain and calculated the real frequency dependent modulus, G (s): (1) where k B is the Boltzman constant, s is the Laplace frequency, T is the temperature and a is the characteristic particle size. Further analysis of G (s) produced values for the storage G'(ω) and loss G''(ω) moduli. Although this procedure involved several assumptions, the frequency dependent linear viscoelastic moduli G'(ω) and G''(ω) (cyclic frequency ω = 2πν) of several different monodisperse colloidal systems thus calculated exhibited remarkable agreement with˜(
mechanical rheometric data [4, 5] . The existence of a relationship between the optically probed internal dynamics and the viscoelasticity has been demonstrated for some more complex systems, such as dilute fractal colloid gels studied by dynamic light scattering [6] and DNA gels studied by the method of microscopic particle tracking [7] . In a dense particle aggregate gel, lacking well-defined monodisperse scattering probes (intrinsic or 'alien') and essentially consisting of polydisperse scatterers, the structural complexity makes a rheo-optical investigation a rather challenging task. This, we believe, need not prevent the concept of the above mentioned method from being applied to such a complex system.
It has been shown before that DWS is sensitive to the gelation of milk [8, 9] . The rate of decay of the multiply scattered photon correlation function decreases as gelation of milk progresses [9] . The reciprocal of the relaxation time at shorted delay times serves as a measure of the mobility of a particle in the gel or the effective diffusion coefficient, which allows calculation of the effective particle radius. However, the effective particle radius becomes rather an irrelevant notion above the gelation point, when the particle aggregates become interconnected into a gel network. But it is reasonable to assume, taking into account the findings of Mason, Gang and Weitz, that above the gelation point the DWS correlation function does contain the dynamic information on a broad timescale. The possibility of not only monitoring the earlier stages of the gelation process but also measuring the bulk viscoelastic properties of the milk gels by optical means seems attractive.
Acidification of milk, essentially an ion exchange process, produces reduction in the electrostatic repulsion, leading to coagulation of casein micelles and the formation of an acidified milk gel (AMG) [10, 11, 15, 16, 17] , which is fractal in its nature [13, 14] . According to the microscopy studies the network of the gel is largely inhomogeneous, the aggregates or dense areas of casein particles (a few particle diameters across) being interconnected by strands, leaving empty spaces between them [12, 15, 16, 17] . Acidified milk gels serve as good models for a number of coagulated milk products, such as yoghurts and cottage cheese. Quantitative information about the vis-optical fiber that delivers about 35 mW of light to the sample. The incident beam was expanded to about 3 cm in diameter. The detector aperture, a single-mode optical fiber with the core diameter of 3.5 µm, was positioned above the surface of the sample in a thermostatic cell at a scattering angle close to 170°. The single mode optical fibers were previously shown to be advantageous as single mode detectors in light scattering experiments [23, 24, 25] . The detector fiber was connected to a photomultiplier, the signal from which was processed on a Brookhaven BI-9000AT digital correlator. From the measured temporal intensity correlation function g (2) (t) the correlation function g 2 (t) and the field autocorrelation function g (1) (t) were calculated using the Siegert relationship: g (2) 
where β is an experimental constant.
RHEOMETRY
The mechanical oscillatory rheological measurements were carried out using the Rheometric Scientific SR 2000 rheometer using parallel plate geometry with a 1 mm gap at 0.1 Pa oscillatory stress and for the frequency sweep set from 0.01 to 10 s -1 . The sample solution was deposited on the bottom plate, then the upper plate was lowered and the measurements were carried out in thermostatic conditions on the set gel samples 5 hours after initiation of gelation.
ACIDIFIED MILK GELS
The samples of acidified milk gels (AMG) used in this study were produced by addition of the acid precursor gluconic-δ-lactone (GDL) to skimmed milk (Dale Farm brand, produced in Ballymena, Northern Ireland, pH 6.7 ± 0.05) with the nominal fat content of 0.05 g per 100 ml at room temperature. The concentration of the GDL in the samples is indicated throughout this paper in percentages by weight. In the presence of water the GDL gradually hydrolyses slowly to regenerate the gluconic acid. The time of the gelation process was recorded from the point when the GDL and the milk were added together and mixed by stirring vigorously for 1-2 minutes. For the GDL concentrations used and the temperature conditions the formation of the gel was largely completed within 5 hours, although the firmness of the gel continued to increase at a slower rate. All coelastic moduli of acidified milk gels can be related to such notions of food science as syneresis-expulsion of water from gels or mouthfeelthe sensory perception in the process of food consumption.
In a broad group of weak particle gels, including the AMG, the frequency dependent viscoelastic behaviour has drawn in considerable fundamental interest as it differs from the typical behaviour of viscous fluids [18, 19] . The storage G'(ω) and loss G''(ω) moduli in such systems show a weak power law or negligible frequency dependence with the ratio G'/G'' being constant in a broad frequency range. This behaviour indicates the existence of a large number of relaxation processes with a broad spectrum of relaxation times [20] . Attempts are being made to explain the viscoelastic behaviour of such systems in terms of structural disorder and metastability -the system has to cross energy barriers large compared to typical thermal energies to relax, so that it exists in a disordered state, although the lowest free energy state would be ordered. The frequency dependence of the viscoelastic moduli is explained by the presence of slow 'glassy' dynamics in the system persisting to arbitrarily small frequencies [19] . DWS with its wide range of accessible frequencies (10 -2 to more than 10 7 Hz) [2, 3] can be particularly useful for gaining insight into the microscopic dynamics of weak particle gels on all timescales, overcoming some of the limitations of the mechanical rheometric techniques.
In this paper we present the results of the application of DWS in a particular example of a weak particle gel, acidified milk gel (AMG), induced by the addition of gluconic-δ-lactone (GDL) to skimmed milk. We discuss the relationship between the rheo-optical and the conventional mechanical rheometric data.
EXPERIMENTAL 2.1 DIFFUSING WAVE SPECTROSCOPY
We use backscattering geometry of DWS for these experiments. Backscattering geometry of DWS has been used for experiments in dense colloidal systems exhibiting glass transition [21, 22] as well as gelling milk [9] . The light source was an Ar + ion laser 488 nm coupled to a single mode the samples were kept during gelation and measurements at 296°K. The acidity in the samples was monitored continuously. The pH values achieved in the gel samples after 5 hours was proportional to the amount of GDL added at the start.
RESULTS AND DISCUSSION

DWS MEASUREMENTS OF AMG
We have studied acidified milk gel samples of different strength, which was achieved by adding different amounts of acid precursor GDL to the skimmed milk and allowing the samples to coagulate for the same length of time. Fig. 1.a) . Then the corelation function decayed considerably before 10 -2 s and at longer delay times of over 10 -2 s, a non-decaying component could be observed ( Fig. 1.a) . The long-time component was apparent in gels at higher concentration of GDL (≥ 2 %). The observed shape of the correlation function is similar to the light scattering spectra from other gels [6, 26] . In the long delay time data it was difficult to reduce the noise as it requires an increase in the time of data accumulation, which in turn would introduce an extra error due to the evolving nature of the milk gel samples. But we can safely say, though, taking the noise into account, that we do not observe a complete relaxation of the long time component for the longest times accessible by the model of the correlator used here. We understand though that at infinitely long times the complete relaxation would be expected to occur, but we do not access them experimentally.
The slowly decaying long-time component observed in the gels prepared with 2 % GDL and higher can be explained if the large particle aggregate clusters which act here as scattering probes are imagined as harmonically bound independent oscillating Brownian particles [22] able to make only limited Brownian excursions about fixed average positions inside the cages of the surrounding clusters producing the nearly linear <∆r 2 (t)> in t, but some clusters can occasionally escape from the cage and diffuse further, which is far less probable due to the presence of the 'links' between the clusters in a gel. The decay time for this slow process can be assumed infinite in real experimental terms, therefore, in this type of systems mean square displacement at long times saturates. That is the reason for the non-decaying component of the correlation function from the weak dense particle aggregate gel, such as AMG. Presumably, the probability of a cluster diffusing from a cage of other clusters surrounding it must be related to the viscoelastic properties at very low frequencies (ω → 0).
At concentrations of GDL less than 1.8 % the correlation functions decay relatively fast, compared to the 2% and the data at longer times are indistinguishable from the noise. There is no long time non-decaying component observed from the low acidity samples. At concentrations of GDL close to 2 % the correlation functions exhibit a long-time plateau-like part, which corresponds to the visually obvious gel consistency of the sample. For a sample prepared with 1.4 % GDL where the correlation function decays rapidly into the noise the appearance of the sample is that of sludgy viscous liquid, with the tendency of casein coagulate to sediment over longer periods of time. The decay of the correlation function is the slowest for the strongest gel. Fig. 2 illustrates that the decay time of the normalized field correlation function is increasing in the course of acidification. The same trend was observed in all samples with different starting concentration of GDL. On the initial stages of the gelation process the field correlation function showed deviation from the exponential behaviour in t 1/2 , as it is expected for backscattering in dense colloids [22] . During the earlier stages of gelation the observed increase in the effective correlation time which indicates a decrease of the effective diffusion coefficient of the particles, which can be attributed to the growth of casein micelle aggregates [8] . Later in the process of gelation, particle motion became increasingly hindered by the formation of the gel network-the micelle aggregates link up into a gel. It is gelation in the AMG that is responsible for the observed shape of the scattered intensity correlation function.
THE CALCULATION OF THE MODULUS
The mean square displacement in time domain <∆r 2 (t)> was calculated from the normalized field correlation functions from the samples with starting concentrations of GDL between 1.8 and 2.2 % with the elastic gel consistency, where the non-decaying component was observed after 5 hours of gelation, and then by inverting the following expression [22, 27] (2) g rt
where k 0 is wave-vector and γ is taken equal to 2 (in the diffusing limit and in the case of linearly polarized incident light scattered from particles of size close to or larger than the wavelength of light, both parallel and perpendicular polarizations of the scattered light are equally probable and γ is equal to 2 [27] ). Fig. 3 shows the mean square displacement in the time domain thus calculated for the samples prepared with different starting concentrations of GDL. To avoid the error induced by the Laplace transform in the calculation of the modulus, G (s), we have used the form of Stokes-Einstein relationship suggested earlier by Mason et al. [7] :
where Γ is the gamma function, to obtain meansquare displacement, <∆r 2 (s)>, in the Laplace frequency domain from the measured mean square displacement in the time domain <∆r 2 (s)>. Eqs. 1 and 3 imply the knowledge of the 'probe' particle radius a, therefore we must consider the size of the objects that act as scattering entities in this experiment. The fractal nature of the acidified milk gels can be exploited here. The aggregates in the casein gel are characterized by their fractal dimension, D, known to lie between 2.2 and 2.4 [13, 14 28 ]. The aggregate radius, R a , at gelation point can be calculated according to the fractal aggregation theory [28] using the following expression:
where φ a is the volume fraction of the aggregate at the point of gelation, equal to the overall volume fraction, φ, and a mic is the average casein micelle radius. For typical values φ = 0.12 for fresh milk [29] , a mic = 0.05 µm and D = 2.3 calculation gives an aggregate radius of 1.04 µm, in accord with the electron microscopy studies of GDLinduced gels [12, 15, 16] . Electron microscopy shows that while aggregates are actually polydisperse the cluster size distribution is rather narrow and even the largest aggregates do not exceed 1 µm in radius. The aggregate radius at the point of gelation can be taken as an indication of the maximum scatterer size. While eq. (1) is only an approximation, it can be seen that the uncertainty in the particle radius a affects the absolute magnitude of the viscoelastic modulus, G (s). We calculated the modulus, G (s), assuming the scattering probe size equal to 1 µm, in the manner described above for the acidified milk gel samples of different strength.
COMPARISON WITH THE MECHANICAL RHEOMETRY
The frequency-dependent viscoelastic moduli G'(ν) and G''(ν)were measured mechanically in samples prepared in an identical manner to the ones used for the DWS measurements after 5 hours of acidification/gelation process. The measured frequency dependencies of G'(ν) and G''(ν) were nearly linear with frequency, ν (ν = ω/2π) (Fig. 4) . The G'/G'' ratio remained largely constant (G'/G'' ≈ 0.3) throughout the measured frequency range (0.01 s -1 < ν < 2 s -1 ). This type of behaviour agrees well with the one documented in literature for AMG [30, 31, 32] and for a broad class of other 'glassy' colloidal systems [18, 19] . The absolute values of the moduli peak slightly at 2% GDL for the particular AMG preparation used here, which corresponds to the value of pH close to pH 4.6. This accords with the previous observations [29] that the concentrations of GDL in skimmed milk close to 2% are known to produce the most firm gel at room temperature. The storage G'(ν) and loss G''(ν) moduli measured mechanically at three different frequencies and the calculated values of the real viscoelastic modulus, G (s), in the Laplace frequency domain at different values of frequency s are compared in Fig. 5 . The uncertainty of the meas-urements is reflected in the size of the symbols in the graphs. Considering that there may be inaccuracy in the values of the modulus calculated from the optical data induced by the choice of the particle radius a and also that the mechanical rheometric data may differ from rheometer to rheometer, we are looking here for an agreement in the trend of values rather than the absolute values. The agreement in the trend of the behaviour of the moduli with the varying amounts of GDL between the mechanical and optical data is satisfactory.
The frequency ranges of the measurements by the two different methods are limited at the opposite ends: for the optical one-at lower frequencies due to the limitations of the delay and the data accumulation time, and for the mechanical one-at higher frequencies due to fracture of gels at higher shear rates. The optical range has an advantage of being broader that the mechanical one. This advantage can be exploited in case of the rather fragile AMG's, particularly, as our data indicate the information about the viscoelastic modulus of the gel is contained in the shorter delay time (~ 10 -3 s) part of the DWS spectrum.
GEL STRUCTURE
The present application of the approach of Mason, Gang and Weitz to acidified milk gels was based on our initial assumptions that the fractal particle aggregates formed in a slowly acidified milk gel can be treated as light scattering probes of a certain size that can be estimated on the basis of fractal aggregation theory and that the motion of these entities reflects the viscoelastic properties of the gel. The physico-chemical complexity of the acidification of milk is not taken into account. Electron microscopy studies indicate that different gel structures can be formed upon acidification of milk [12, 15, 16] , depending on the acid used, the pre-treatment of milk and the temperature regime. This variety of structures can be explained by the different mech- anisms of aggregation, which in turn depend on the interplay of the interparticle potentials and the rates of diffusion [33] .
In identifying the entities which contribute to the DWS spectrum in the present study it is important to consider not only the size but also the structure of the aggregates. The possible structures are illustrated in Fig. 6 . This schematic drawing, supported by the evidence from the electron microscopy [16] is presented merely to assist visualization. In a gel generated by the addition of GDL to fresh skimmed milk at low temperatures, slow aggregation, produces a 'lumpy' type of aggregate which is nearly spherical in shape with a relatively narrow size distribution [16] loosely inter-connected by thin 'strands' (Fig. 6.b ). We treat these quasi-spherical aggregates as the scatterers in the present case. We assume that scattering from the thinner interconnecting strands is insignificant com-pared to that from the 'lumpy' aggregates. Such assumptions can only produce reasonable results for the 'lumpy' type of cluster, such as shown in Fig. 6 .a. Presumably, the stronger the tendency of the gel to be of the 'strandy' type ( Fig.  6 .c) the more elastic its network would be and the question of the nature of the scattering probe would arise. Therefore, for the gel structure shaped more like a network of thin strands the straightforward approach to the calculation of the modulus based on the use of intrinsic probes-'lumps' as scatterers and the calculations using the equation based on the viscous approximation would not be justified.
In gels, where the 'strands' dominate the picture and the elasticity is considerably higher, the approach would have to be modified to accommodate the effect of a contribution of the dynamics of those interconnecting strands to the elasticity of the gel. To be able to understand the relationship between the optically measures dynamics and the viscoelasticity of real fractal aggregate particle gels we should be taking into account the structure (or shape) of the clusters. An adequate mathematical model is required to accommodate the contributions to the DWS spectrum from the 'elasticity' and the 'viscosity' in dense (φ > 0.1) particle gels.
CONCLUSIONS
We have confirmed the possibility of application of DWS to monitor gelation in acidified milk gels and extended the DWS data to the stage of acidification, where the gel formation is largely completed. The 'lumpy' aggregates of the casein micelles loosely interconnected by the elastic 'strands' formed in gluconic-δ-lactone (GDL) induced gel act as scattering elements. Non-invasive, backscattering DWS can be used to probe the relationship between the internal dynamics and the viscoelasticity in the acidified milk gel.
It is shown that, in a particular case of the AMGs prepared from fresh skimmed milk by slow acidification, it is possible to apply the Stokes-Einstein equation to obtain the viscoelastic modulus. We have calculated the mean square displacement of the particles in these gels and used it to calculate the viscoelastic modulus in gels of different strength achieved by varying starting concentrations of the acid precursor GDL between 1.8 and 2.2%. We found a reasonable agreement between the viscoelastic moduli obtained from the mechanical rheometric measurements and the modulus obtained by the calculations from the optical data.
Strong evidence was provided in support of the approach linking the optically probed internal dynamics in dense particle gels to the their viscoelastic properties. For more precision of the quantitative rheo-optical analysis measures further investigations of the relashionships between the structure and rheology of the dense particle gels are required.
